We traced left ventricular contours, frame-by-frame throughout systole and diastole, of normal sinus beats from 300 right anterior oblique ventriculograms from 32 normal patients. We separated both systole and diastole into 19 equal time intervals each and calculated regional lengths (R), normalized by both end-diastolic length and relative time interval (T) in systole and diastole, for the middle inferior wall, distal inferior wall, apex, distal anterior wall, middle anterior wall, and proximal anterior wall. We also computed the relative velocities of R, AR/AT, over each quarter of systole and diastole.
QUANTITATIVE ANALYSIS of left ventricular segmental wall motion has become an important tool for evaluating the ventricular function of patients with ischemic heart disease.'1-7 Despite the widespread application of quantitative techniques to characterize localized abnormalities of contraction, there have been relatively few detailed studies of regional differences in normal contraction.1' 7 10, [17] [18] [19]  there are few data available about normal patterns of segmental wall motion during diastole20 22 or the normal relationships between systolic and diastolic motion in the same region .22 In this study, we measured segmental wall motion throughout systole and diastole in 32 patients who were catheterized for evaluation of chest discomfort syndromes and found to have normal cardiac function and no significant coronary artery disease. We quantified regional patterns of normal wall motion throughout the cardiac cycle, examined relationships between systolic and diastolic motion in each region, and compared patterns both between regions at the same points in the cardiac cycle and between points in the cardiac cycle at the same region.
Methods

Patient Population
We used ventriculograms obtained in 13 men and 19 women, average age 52 ± 10 years (mean ± SD), who were catheterized for evaluation of chest discomfort. None had a history of myocardial infarction. Their resting ECGs were normal or had minimal, nonspecific ST-T-wave abnormalities. At cardiac catheterization, the patients had no evidence of valvular dysfunction or congenital heart disease, and had normal left ventricular volumes, pressures and angiographic ejection fractions. Coronary arteriography, performed after left ventriculography in all patients, demonstrated no evidence of coronary artery disease in 27 patients. Five patients had isolated lesions in a single coronary artery (four in the right coronary artery and one in the left anterior descending coronary artery), none of which caused more than a 30% reduction in luminal diameter.
Ventriculographic Data Acquisition
Thirty-degree right anterior oblique (RAO) left ventriculograms were recorded at 60 frames/sec on 16-mm cine film as meglumine diatrizoate (Renografin-76) was injected into the ventricle at a rate of 15 ml/sec for 3 seconds. We reviewed each ventriculogram and only analyzed sinus beats that were not preceded by an ectopic beat and occurred within three to five beats after injection of the contrast agent.
Neither the x-ray table nor the patient's diaphragm moved during the beats that were analyzed., One observer traced contours of the left ventricular silhouettes throughout the cardiac cycle. Each contour was digitized to approximately 400 to 500 x-y coordinate pairs. 23 On each contour we constructed a long axis as the longest line from the midpoint of the aortic valve plane to the region of the apex, and the midpoint of the long axis was used as the origin for a radial reference system to measure wall motion. 6 Starting at the middle of the aortic valve plane, we measured the lengths of radii at 50 increments from the origin to their intersection with the contour graphic silhouettes in each series of contours and used the maximal and minimal areas of the ventriculographic silhouettes in each contour series as fiducial points to define end-diastole and end-systole in each patient.
Next, we normalized the data for patient-to-patient variability in heart rate and duration of systole and diastole. We divided systole and diastole into 19 equal time intervals each and calculated the average regional lengths at the 39 points bracketing those intervals by linear interpolation of the actual ventriculo-Raw Data
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DIW APX FIGURE 1. Reference system used to measure segmental wall motion. On each ventriculographic silhouette, a long axis was constructed as the longest line from the midpoint of the aortic valve plane to the region of the apex. Radii from the midpoint ofthe long axis to the contour border were constructed at 5°increments beginning at the middle ofthe aortic valve plane and proceeding counterclockwise. The numbers next to each region are the radii whose values were averaged to determine the regional lengths. MIW = middle inferior wall; DIW = distal inferior wall, APX = apex; DA W = distal anterior wall; MA W = middle anterior wall; PA W = proximal anterior wall.
Radius at 90f
Radu at 9cf border, and numbered these 72 radii in counterclockwise order ( fig. 1 ). We also measured the area of each ventriculographic silhouette.
Ventriculographic Data Processing
For each radius, we used a low-pass, nine-point, nonrecursive digital filter with a cutoff frequency of 10.2 Hz to eliminate the noise inherent in tracing multiple contours and obtain a smoothed plot of radial lengths throughout the cardiac cycle.* Figure 2 shows a plot of the lengths of a radius at 90°before filtering and a plot of the filtered data for the same radius.
We selected six regions of interest that corresponded to the following radii ( fig. 1 ): middle inferior wall (MIW), 80-100°; distal inferior wall (DIW), 125-145°; apex, 170-190°; distal anterior wall (DAW), 215-235°; middle anterior wall (MAW), 260-280°; and proximal anterior wall (PAW), 305-325°. Using the smoothed data corresponding to a given ventriculographic silhouette, we calculated an average length for each region from the five radii in that region. Figure 2 also shows a plot of the average lengths of the MIW. In a similar manner, we obtained sets of filtered values for the areas of the ventriculo- 15 20 (35) graphic data (fig. 2, bottom) . Thus, the data for each patient were transformed to measurements of regional lengths at the same relative time intervals (T) in the cardiac cycle.
We also normalized the data for patient-to-patient variability in ventricular size by dividing the time-normalized average lengths for each region by their enddiastolic length and called these values the normalized regional lengths (R). During systole, the value (1 -R) at a given T was equal to the percent shortening at that relative part of the phase.
Last, we calculated the slopes (AR/AT) of the leastsquares linear fits to the five values of R in each quarter of systole and diastole for each patient. Thus, AR/AT was an estimation of the relative velocity of motion over each quarter of the phase. We grouped the R values by regions and T values and the values of AR/AT by regions and quarters of systole and 
Data Analysis
First, we wanted to evaluate the differences between systolic and diastolic motion in each region. Even though the underlying physiologic mechanisms of contraction and relaxation are different, systole and diastole are parts of a continuous cycle, and a region's motion in systole should be related to its motion in diastole as two parts of a loop that starts and ends at the same point.24 If time-normalized motion in diastole is the equal opposite to time-normalized motion in systole, then plots of the motion in each phase would superimpose when the data for diastole are folded back over data for systole. Thus, by comparing measurements of motion at appropriate points of relative time in each phase (i.e., the beginning of systole with the end of diastole and the end of systole with the beginning of diastole), one can evaluate the degree to which time-normalized motion in diastole mirrors that in systole.
Therefore, we computed the differences between R's at corresponding T's in each phase (i.e., 75% into systole, T [15] , with 25% into diastole, T [25] ) in each patient. The significance of these differences in R at appropriate pairs of T was evaluated by paired t tests. For these and all other statistical tests in the study, we rejected the null hypothesis if p < 0.05.
Then, we wanted to compare mean R values between regions at T's corresponding to the end of each quarter of systole and diastole, and also to compare mean R values between T's at each region. Therefore, we analyzed the data (R at T [5] , T [10] , .. .T [35] , T [39] ) with a two-way (regions X T) analysis of variance with replication (fixed effects, Model I ANOVA),26 which tested the null hypotheses that the factors of regions and T had no significant in-RELATIVE TIME INTERVAL (T) dependent or interactive effects on R. Then, Student-Newman-Keuls (SNK) tests were used to evaluate the significance of differences between mean R's of groups within the factors for which the null hypotheses were rejected.
Next, we wanted to compare the magnitudes of mean relative velocities both between regions at the same quarter of systole and diastole, and between quarters of each phase at the same region. First, we multiplied the values of AR/AT during diastole by (-1). Then, we used two-way analysis of variance and SNK tests to examine the significance of differences in measurements of relative velocity between regions and quarters of systole and diastole.
Finally, we checked to see whether values of R and AR/AT were independent of age or heart rate by calculating the linear correlation coefficients of plots of our measurements for each region at the end of quarters of systole and diastole against each of these variables. The standard deviation about the mean values for R increased toward end-systole, reflecting differences between patients in both the extent and timing of segmental wall motion and global ventricular performance.
Results
At the MIW, contraction was relatively constant throughout systole to a final mean R of 0.61, which corresponds to a mean percent shortening of 39%. Relaxation was more asynchronous and R values during the last half of diastole were significantly longer No 3, MARCH 1982 than their counterparts during early systole. At the DIW, contraction was also relatively constant throughout systole to a final mean R of 0.61 (mean percent shortening = 39%), but in contrast to the findings at the MIW, the pattern for diastole closely mirrored that of systole.
At the apex, contraction increased during the latter half of systole to a final mean R of 0.73 (mean percent shortening = 27%). The mean R values during the last half of diastole were significantly shorter than those during the first half of systole.
At the DAW, contraction increased during the second and third quarters of systole, with a final mean R value of 0.52 (mean percent shortening = 48%). During the first third of diastole, mean R's were significantly longer than their counterparts during late systole, but those toward the end of diastole were shorter than the early systolic values. Similarly, at the MAW, contraction increased during middle and late systole to a mean R value of 0.46 (mean percent shortening = 54%). The mean R values during the first quarter of diastole were significantly longer than those during the last quarter of systole.
At the PAW, the contraction pattern was similar to those for the other anterior wall regions, with a final mean R of 0.49 (mean percent shortening = 51%). Mean R's during the last quarter of diastole were significantly shorter than their counterparts during early systole, but there were no significant differences between R's during the early part of diastole and latter part of systole.
When the data for R at the end of each quarter of systole and diastole (R's at T [5] , T [10] , . .T [35] , T [39] ) were tested by two-way analysis of variance, the null hypotheses that regions and T had no significant independent or interactive effects upon measurements of R were rejected at the p < 0.0005 level. The rank orders of the mean values of R for each region at the end of each quarter of systole and diastole are presented in table 1.
After the first quarter of systole, mean R's for the MIW and DIW were significantly less than that for the apex, but not different from each other, and the mean R's for the anterior wall regions were not different from those of either the inferior wall or the apex. At the end of the first half of systole, the mean R values for the anterior wall regions were also significantly shorter than those for the apex, but not different from those for the inferior wall regions. The mean R for the apex continued to be longer than those for all other regions at the end of the third quarter of systole, and the mean R values for the MAW and PAW were significantly shorter than those for the DIW, MIW, and DAW. At end-systole, differences were significant between four groups of regions: MIW and DIW; apex; DAW; and MAW and PAW.
At the end of the first quarter of diastole, the mean R for the apex was significantly longer than those for all other regions, and the mean R for the DAW was significantly longer than that for the PAW. However, the mean R values for the DIW, MIW, and MAW were not significantly different from those for the DAW and PAW. At the end of the first half of diastole, the only significant difference in mean R values was between the apex and PAW, and at the end of the third and fourth quarters of diastole, there were no significant differences in mean R values between the regions.
Within each region, the mean R values at the end of each quarter of systole and diastole were significantly different between adjacent intervals with one exception the difference between the means for the end of the second and third quarters of diastole at the apex. Thus, there were significant differences in the extent of average normal contraction and relaxation between intervals as short as one quarter of each phase.
Relative Velocities of R
The mean values of AR/AT for each quarter of systole and diastole at each region are presented in figures 4 and 5. When tested by two-way analysis of variance, the null hypotheses that regions and quarters of each phase of the cardiac cycle had no significant independent or interactive effects upon measurements 
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of relative velocity were rejected at the p < 0.0005 level. The results of the SNK tests comparing mean values of AR/AT between regions at each quarter of systole and diastole are indicated by the different markings for the bars in the figures. There were no significant differences in mean relative velocities between regions that have common markings.
During the first quarter of systole, the mean values of AR/AT for the MIW and DIW were significantly higher than those for the DAW and the apex, while those for the MAW and PAW were not significantly different from those for either group. In the second quarter of systole, the mean value for the PAW was significantly greater than that for the apex, but those for the other regions were not different from either. During the third quarter of systole, mean AR/AT values for the MAW and PAW were significantly greater than those for the MIW, DIW and the apex, but not different from that for the DAW. The mean value for the apex was significantly less than that for all the anterior wall regions, but not different from those for the inferior wall regions. In the fourth quarter of systole, mean relative velocities were significantly different between two groups of regions: MAW, DAW and PAW; and apex, DIW and MIW.
In the first quarter of diastole, the mean AR/AT for the MAW was significantly higher than those for all other regions, and those for the DAW and PAW were significantly higher than those for the DIW, apex and MIW. During the second quarter of diastole, the mean AR/AT for the MIW was significantly greater than that for the DAW, whereas that for the apex was significantly lower than those for all other regions. In the third quarter of diastole, mean values for the PAW _, -I VOL 65, No 3, MARCH 1982 and MAW were significantly greater than that for the apex, while those for the other regions were intermediate between the two extremes. During the last quarter of diastole, the mean AR/AT for the PAW was significantly higher than those for the MIW, DIW and apex. The rank orders of mean values of AR/AT across quarters of systole and diastole within each region are listed in table 2. The rank orders were identical for the DAW and MAW, although the distribution of significant differences was not the same. The rank orders for the PAW and the apex were almost the same as those for the DAW and MAW. In these four regions, mean values of AR/AT were highest during the first half of diastole or the last half of systole. At the MIW and DIW, mean values of AR/AT during the first half of systole were higher in rank order (albeit not the highest and not always significantly different from the values for the first half of diastole and last half of systole).
Thus, the average normal contraction began at the inferior wall, followed by the anterior wall, and then the apex. The rates of contraction at the MIW and DIW remained rather constant throughout systole, whereas they increased progressively during the second and third quarters of systole at the anterior wall regions. At the apex, the rate of contraction was relatively constant in the first half of systole, and then increased during the second half of systole.
Relaxation seemed to begin at the MAW and its adjacent regions. During the second quarter of diastole, which coincides with the rapid filling phase of the cardiac cycle, the relative velocity of the inferior wall increased significantly. In the third quarter of diastole, which coincides with diastasis, the relative velocities of all the segments decreased. Finally, during the last quarter of diastole, the relative velocity of motion increased at the anterior wall and apex, consistent with atrial contraction, which was especially prominent at the PAW.
Effects of Age and Heart Rate on Measurements of R and AR/AT
There were no significant correlations between R and age. Age correlated weakly, but significantly, with relative velocity at the apex during the second and fourth quarters of systole (r = -0.400 and -0.353, respectively), and at the PAW during the second quarter of systole (r = -0.372) The heart rates ranged from 48 to 109 beats/min (mean 77 ± 16 beats/min) in the 32 patients. There were no significant correlations between heart rate and R and AR/AT during systole. The correlation coefficients between heart rate and R and AR/AT during diastole are listed in table 3. Thus, measurements of R, and probably those of relative velocity, were independent of age. Heart rate did not significantly affect systolic values of R and AR/AT. However, heart rate did influence our timenormalized variables of diastolic motion; patients with lower heart rates tended to exhibit greater and more rapid relative expansion in early diastole and less rapid relative expansion during the third quarter of diastole.
Discussion
The results of our study indicate that it is possible to identify significant differences within a region between average normal wall motion in systole and diastole, and nonhomogeneity between regions in both the extent and relative velocity of average normal wall motion throughout the cardiac cycle. This normal nonhomogeneity has important implications for using measurements of segmental motion by angiographic, echocardiographic, and radionuclide techniques to characterize normal and abnormal segmental function.
Limitations of Contrast Ventriculography
The motion we measured may not correspond to the motion of actual anatomic segments. To make those measurements, techniques involving the myocardial implantation of radiopaque markers and biplane fluoroscopy would be required. McDonald"8 used radiopaque markers, implanted on the epicardium in the plane of the RAO projection, and biplane fluoroscopy to measure segmental wall motion. He compared those findings with measurements obtained from RAO contrast ventriculograms obtained in the same patients and found the results of the analysis of the ventriculograms were consistent with those of the analysis of the markers. Despite considerable differences in the methods used to analyze the ventriculograms, the results of our study appear to be consistent with McDonald's findings in normal patients.
More recently, Ingels et al. 26' 27 performed several studies with radiopaque markers implanted in the midwall and viewed in the RAO projection. They used the markers to develop a reference system for angiographic analysis based on the best mathematical approximation of the intersection of the principal vectors of motion of the markers throughout the cardiac cycle. In 29 patients, they compared measurements of marker motion with measurements of wall motion obtained by that system and four other methods of analysis of RAO ventriculograms, and found that analysis of endocardial wall motion with the markerderived system correlated better with midwall dynamics than analysis with any of the other reference systems. However, their overall results, including those for their "ideal" system, led them to conclude that midwall myocardial dynamics could not be "measured with precision from contrast ventriculograms using any combination of reference systems." 27 The system of Ingels et al. was derived from postsurgical ventriculograms obtained in patients whose hearts were not normal (after transplant or coronary artery bypass surgery). It is not ethical to implant myocardial markers in patients whose hearts are normal at initial cardiac catheterization. There is no consensus about an optimal reference system for quantitative analysis of segmental wall motion by contrast ventriculography.2822 The available data do not establish the superiority of any reference system. Thus, it is reasonable for a laboratory to select the reference system best suited to its needs, derive standards of normal contraction in appropriately selected patients with that system, and use those standards to identify abnormal wall motion.
Some of the motion we measured could have been due to contraction of myocardial segments that did not form the border of the ventriculographic silhouette in the RAO projection. There is little question that simultaneous biplane data, which were not available in our laboratory, would have been desirable to assess the magnitude of error introduced by this factor. Studies by other investigators suggest that in the normal ventricle, errors in measurements of wall motion due to rotation out of the 300 RAO plane are negligible. Nevertheless, we recognize this limitation in our data and we suspect that it might be very critical in the evaluation of abnormal wall motion.
Rationale for Methods of Data Transformation and Analysis
We wanted to measure and compare average normal patterns of wall motion throughout systole and diastole between different regions of the ventricle. Therefore, we had to normalize the data for all regions and patients. However, we also wanted to compare systolic motion with diastolic motion in the same region, so the data had to be expressed in units that would permit a comparison between systolic shortening and diastolic lengthening. Therefore, we normalized the lengths for each region by their beginning end-diastolic lengths. This approach is identical to that used by Stewart et al. 10 Our next concern was to group the data according to comparable time periods in the cardiac cycle. Our choices were either to select a given amount of displacement as an independent variable and measure the variability in timing to that point of displacement, or to select a given relative time in the cycle as an independent variable and measure the variability in displacement at that point in relative time. Bove et al. 17 used the former approach in their analysis of left ventricular dynamic geometry, which was appropriate because of their interest in measuring actual rates of change of wall motion and wall stress. We selected the latter approach because our primary concern was with measuring the variability in displacement at a given point in the cardiac cycle. Our approach is consistent with the analysis of wall motion and volume changes by multigated radionuclide angiography,33 in which the RR interval is divided into an arbitrary number of equally spaced subintervals.
However, the division of the entire cardiac cycle into equal time intervals would not correct for differences in the relative time of systole and diastole in different patients. Therefore, we divided systole and diastole each into equal time intervals not only so that individual patient's measurements of displacement were time-normalized to the same heart rate, but also so that we could compare displacements between appropriate points in systole and diastole in the same region. Based on the data given in figures 3A-F, we think this method did not introduce a bias in our results. Had bias been introduced, we would have expected the systolic and diastolic data points to be related in a consistent manner for all the regions. Although the systolic and diastolic lines are closely related in all the regions, those relationships are different between the regions. Thus, we concluded that the results were due to differences between regions and not data transformation.
The effects of heart rate on diastolic motion were not completely removed by time normalization because there were significant correlations between diastolic values of R or AR/AT and heart rate at most of the regions. These results imply that the effect of heart rate is not linear over all of diastole, but instead involves a complex interaction between the different stages of ventricular filling.
In most angiographic studies, end-diastole has been selected as the frame corresponding to either the peak of the R wave or the largest volume or area before the onset of any inward motion of the ventriculographic silhouette. End-systole has usually been selected as the frame corresponding to either the smallest volume or area at which there was no further inward motion at any region of the silhouette. Previous studies in our laboratory have documented that the normal onset of contraction is not homogeneous between different regions of the ventricle."' Similarly, the end of contraction is not homogeneous.10 Because we were comparing differences between regions, we had to select fiducial points based on a global variable, but our decision to normalize the data by relative time implied that we could not use measurements of absolute time to define the isovolumic periods of systole and diastole. Therefore, we decided to define both enddiastole and end-systole from the angiographic data. We thought that the measurements that would involve the least extrapolation of that data would be maximal and minimal silhouette areas. These fiducial markers may not be satisfactory for similar studies in abnormal patients, especially at end-systole, when delayed contraction in some regions could be counterbalanced by early relaxation in other regions so that the silhouette area may not change even though the transition from systole to diastole has occurred. In such cases, global markers such as the R wave of the ECG and aortic valve closure may be more appropriate.
Normal Differences Between Systolic and Diastolic Motion
The results of our comparisons between systolic and diastolic motion indicate that at most ventricular regions, time-normalized diastolic motion usually is not the equal opposite to time-normalized systolic motion. Our comparisons between systolic and diastolic motion in the same region were based on testing of paired data. Thus, those relationships were valid despite patient-to-patient and heart rate variability in R during systole or diastole.
The mean R values during the early part of diastole at the DAW and MAW were significantly longer than their counterparts in late systole. When coupled with our findings that the mean relative velocities during the first quarter of diastole were highest at the MAW, DAW and PAW, these data suggest that the phenomenon of early diastolic relaxation,20 22, 34 noted on the anterior wall by several other investigators, is consistent with normal diastolic wall motion. This interpretation is also supported by the reports of delayed relaxation in patients with ischemic heart disease.22 3 At the MIW, the mean R values during the latter half of diastole were significantly longer than their counterparts during the first half of systole. The mean relative velocity at this region increased significantly during the second quarter of diastole, immediately before the appearance of these significant differences; during the last half of diastole, mean relative velocities progressively decreased. At the apex, DAW and PAW, the mean R values during the latter part of diastole were significantly shorter than their systolic counterparts, and mean AR/AT values progressively increased. These da.ta suggest that the inferior and anterior walls and apex respond differently to events in late diastole. The inferior wall does not change its motion due to atrial contraction, whereas the atrial kick causes a rapid expansion of the anterior wall and apex.
Normal Regional Differences in Contraction and Relaxation
In the RAO projection, normal contraction usually begins on the inferior wall, followed by the anterior wall, and then the apex.'9 The results for R and AR/AT in this study are consistent with that pattern.
Because this sequence corresponds to the usual sequence of electrical activation reported by Durrer et al.,36 we speculated that in the normal ventricle, the sequence of electrical activation might play the major role in determining the onset of segmental contraction. 19 However, many investigators studying the sequence of contraction in open-chest and closed-chest dog models have altered that sequence with changes in preload. 7 40 Thus, the sequence of the onset of contraction is the result of a complex interaction between electrical activation, ventricular size, and myocardial fiber orientation.
During the remainder of systole, the average relative extent and relative velocity of contraction at the anterior wall increased substantially, especially compared with the rather constant velocity of contraction at the inferior wall. At the apex, contraction was relatively slow during the first half of systole and increased modestly during the latter half of ejection. In all regions, the variability about the mean R values increased progressively during systole. Because we normalized the data by beginning end-diastolic lengths, we expected the variability would be less in early systole both between regions and between patients. To analyze the variability between regions taking into account the variability between patients, we used a twoway ANOVA with patient-to-patient variability considered as the error in replication. The number of samples in each group was equal, and under such circumstances, the ANOVA procedure is considered robust' enough to operate well even with considerable heterogeneity of variances." Therefore, we think the comparisons between regions were valid. Furthermore, the'results for AR/AT were consistent with the results for R, and the variability' in AR/AT was not affected by relative timing in the cardiac cycle.
Because of the "all-or-none" relationship between electrical activation and contraction' in cardiac muscle, we suspect that the role of the sequence of electrical activation would not be a primary cause for the later systolic patterns. We did not obtain simultaneous pressure measurements in the present study, and therefore we cannot relate these patterns to direct measurements of regional stress-strain relationships. Nevertheless, we surmise that' interactions between ventricular size, myocardial fiber orientation (both in the ventricular wall a'nd the papillary muscles) and aortic impedance are important determinants of the differences in regional contraction patterns and the variability between patients.
The reasons for regional differences in diastolic wall motion are not readily apparent. We are not aware of any data that would suggest a link between electrical events, such as repolarization and the "onset" of relaxation, so we do not think the difference between the endocardial-to-epicardial direction of depolarization and repolarization would account for our findings. Other investigators have documented a close relationship between the velocity of contraction and relaxation in cat papillary muscle.42 Given our findings that the relative velocity of contraction during the latter'part of systole was greatest at the anterior wall, it is tempting to invoke that relationship to explain why the relative velocity of relaxation was greatest at the anterior wall during early diastole. However, we did not analyze our data in a manner that would allow us to correctly evaluate that hypothesis, and we consider it highly speculative. We suspect that factors such as myocardial fiber orientation, regional interactive'stress-strain relationships and'heart rate are also important determinants of early and late relaxation patterns.
Clinical Implications
The clinical implications of our study follow from the regional differences in R' and AR/AT. These differences were significant at least as early as after the first quarter of systole. Therefore, our findings lend support to the reports' of abnormalities in the extent of contraction within the first third or first half of systole.", ' 16, 8 We agree with other investigators that quantitative analysis of segmental contraction should include assessment of performance within portions of systole as well as over all of systole.
Quantitative assessment of wall motion in the RAO projection should be separated into at least three regions: inferior wall, apex and anterior wall. Many quantitative ventriculographic studies have been based on the application of the same threshold values of percent shortening to all ventricular regions to identify normal, hypokinetic, akinetic and dyskinetic segmental function.8 , 14, 45 We realize that the conclusions drawn from those studies have been supported by clinical8 and pathologic data.46 However, other investigators have also documented differences between the inferior wall, apex and anterior wall in both average percent shortening and patient-to-patient variability about mean values.7 12 17 28,91 32 Future studies should take regional differences and patient-to-patient variability into account.
The normal differences in relative velocity of contraction, both between regions at the same points in the cardiac cycle and within regions at different points in the cardiac cycle, might have an extremely important role in the clinical use of quantitative variables such as velocity of circumference fiber shortening. This variable is usually derived from measurements across the entire ventricle and over all of systole, so it is possible that information about regional and cycle point variability may be diluted. 44 Further studies of regional velocities over shorter intervals in the cardiac cycle may provide additional useful descriptions of normal and altered regional function.
The value of the analysis of diastolic wall motion has not been tested. Alterations in the diastolic properties of the heart have been well documented by global measurements of pressure and volume. Abnormalities of relaxation associated with ischemia have been well documented in papillary muscle preparations. 42 The major impediments to quantitative analysis of segmental diastolic motion have been the absence of a reasonable model to structure the analysis and' the time required to generate frame-by-frame data. The time-normalization approach we used in this study enabled us to quantitate diastolic motion and relate it to systolic motion in the same region. This approach, and others that relate diastole to systole, may enable us to evaluate the clinical value of the information from the diastolic portion of the ventriculogram. The development of digital radio-graphic4749 and echocardiographic50 techniques, as well as nuclear cardiology techniques, should provide a solution to the problem of acquiring frame-by-frame data quickly.
